The Sabine-Neches estuary is a shallow, turbid estuary in south-east Texas with high concentrations of dissolved organic carbon (DOC). The sediment inventory of 210 Pb and 239,240 Pu indicates that only a fraction of the particle-associated nuclides that reach the estuary were retained in the sediment. To better understand the cause for this low-sediment inventory of particle-reactive nuclides, 7 Be and 210 Pb concentrations have been measured in the dissolved and particulate phases, in addition to the DOC and suspended particle concentrations. The ratios of dissolved to particulate concentrations of 7 Be and 210 Pb were generally higher than in most other coastal waters. The dissolved residence times of 7 Be and 210 Pb (accounting for riverine input) varied between 0·6 and 9·6 days and 1·7 and 9·8 days, respectively. Distribution coefficients (K d ) ranged between 1500 and 87 100 cm 3 g 1 for 7 Be and 2600 and 37 000 cm 3 g 1 for 210 Pb. These K d s are lower than those reported for most coastal waters. There was no significant correlation between suspended particle concentration and K d of either 7 Be and 210 Pb; this has been observed for many other particle-reactive nuclides, suggesting that particle concentration is not the primary controlling variable for the removal of particle-reactive nuclides in these high DOC waters. The average particle residence time in this estuary is 2 days. The relatively low K d values, longer dissolved residence times of 7 Be and 210 Pb, longer particle residence times and shorter hydraulic residence times compared to other coastal areas, result in only a partial removal of particle-reactive radionuclides in this estuary.
Introduction
Particle-reactive radionuclides such as 7 Be and 210 Pb have been used to study the fate of pollutants and particle cycling in coastal areas (Aller & Cochran, 1976; Benninger, 1978; Benninger et al., 1979; Santschi et al., 1980; McKee et al., 1986; Moore, 1992 and references therein; Baskaran & Santschi, 1993) . In estuaries with high concentrations of dissolved organic matter (DOM), the abundance of these particle-reactive nuclides in the water column tends to be relatively high (Benoit et al., 1994; Guentzel et al., 1994) , due to the complexation of metal ions with DOM. Thus, in organic-rich waters, the residence times and ultimate fate of these nuclides are strongly influenced by complexation with DOM.
The Sabine-Neches estuary is one of the freshest and most organic-rich estuaries in south-east Texas. Sedimentary profiles of trace metals indicated that metals such as Cu, Zn and Ni were depleted relative to Al-normalized average soil concentrations, despite the fact that there are many wastewater discharges into the Sabine and Neches rivers (Ravichandran et al., 1995a) . While the measured concentrations of rare earth elements varied by a factor of 2-3, the average soil-normalized concentrations of La (light rare earth element, LREE) and Yb (heavy rare earth element, HREE) did not show significant enrichments of LREE over HREE. This lack of enrichment is unexpected, because there are many oil refineries bordering this estuary (Ravichandran, 1997) . While the 239, 240 Pu concentrations in sediments exhibit a strong subsurface maximum (corresponding to the 1963 peak fallout), suggesting that the Pu fallout is closely tracked and preserved in sediments (Ravichandran et al., 1995b) , the inventory is low compared to the estimated input. Thus, it appears that only a small fraction of the trace metals, REE and 239, 240 Pu that entered the estuary was retained in sediments.
In order to better understand the causes for the low removal of nuclides in this estuary, the temporal and spatial variability of 7 Be and 210 Pb concentrations were measured in the water column (dissolved and particulate phases). More specifically, this study examined the effects of DOC on the cycling of particle-reactive nuclides. This investigation was designed to address the following specific questions: (1) How do the dissolved and particulate concentrations of 7 Be and 210 Pb vary spatially and temporally in a high DOC estuary? (2) How do the residence times of these nuclides differ, and how do they compare with the values determined for other estuaries? How do the distribution coefficients of 7 Be and 210 Pb vary with changing concentrations of DOC? (3) What is the particle residence time in this estuary? (4) How does the sediment inventory of 239, 240 Pu and 210 Pb in the study area compare with the estimated values based on direct fallout and erosional input from the watersheds? (5) Is there any relationship between low sediment inventories and complexation of particle-reactive nuclides because of incomplete removal of radionuclides from the water column?
Materials and methods
Water samples were collected from nine stations covering along three transects of the Sabine-Neches estuary ( Figure 1) . A brief description of the study area is given in Bianchi et al. (1997) . The sampling periods and depths of the water column are provided in Table 1. 7 Be and 210 Pb measurements were made on surface-water samples as described in Baskaran and Santschi (1993) and Baskaran et al. (1993a,b) . Approximately 200-l surface-water samples were filtered through a 0·5-m pre-filter cartridge and collected in a polypropylene drum. About 1 g of Fe
3+
(in the form of FeCl 3 ) and 1 l of conc. HCl were added to the filtered water. To this water, 1 mg of (Baskaran et al., 1993b) . The chemical recovery was used to determine the final 7 Be and 210 Pb concentrations in the water samples. The pre-filter containing suspended matter (d0·5 m) was ashed at 500 C, transferred to a counting vial, and gamma counted for 7 Be and 210 Pb. 7 Be and 210 Pb concentrations in blank filters were below the detection limit. Measured concentrations were decay corrected for the day of collection (for 7 Be). For a few samples, large volumes of water (500-1000 l) were collected by pumping water through a 0·5 m (median pore size) polypropylene filter cartridge and subsequently through MnO 2 -impregnated filter cartridges connected in series. These pre-filters and Mn cartridges were ashed at 550 C and gamma counted for 210 Pb. A detailed discussion of the calibration and background of the counting system is given in Baskaran et al. (1993a,b) .
In order to determine the amount of atmospheric 7 Be and 210 Pb injected into the study area during the sampling period, a separate rain collector (2800 cm 2 surface area) was deployed for 8 days (16-23 October 1993 ) at a site adjacent to the estuary at the marine field laboratory of Lamar University. Details on the rain collector, method of collection and processing of the samples are given in Baskaran et al. (1993b) .
Suspended particle concentrations were determined by filtering 1-l water samples through pre-cleaned, pre-weighed polycarbonate membrane filters (0·2 m pore size; Bianchi et al., 1997) . Water samples for DOC analysis were collected using a peristaltic pump. Samples were pumped through acid-cleaned polypropylene tubing with an attached in-line filter holder and a Nucleopore filter (47 mm, 0·4 m pore size). These filtered samples were directly collected in acidcleaned, pre-combusted (5 h at 550 C) amber glass bottles. Dissolved organic carbon measurements were carried out on a Shimadzu TOC-5000 Analyser using high-temperature catalytic oxidation (HTCO). Dissolved organic carbon concentrations in nano-pure water were <24 g l 1 (<2 M) C. The total blank, including the instrument blank and water blank, was always <60 g l 1 (<5 M) C. Analytical precision ( 1 sigma) of the DOC determination was 2%, and accuracy was about the same as judged from an inter-calibration with other laboratories (Guo et al., 1994) .
Results and discussion

Dissolved
7 Be concentrations in water samples varied between 0·17 and 2·1 dpm l 1 , while the particulate concentrations ranged between 0·052 and 0·566 dpm l 1 ; the dissolved 210 Pb concentrations ranged from 0·075 to 0·372 dpm l 1 , with the particulate 210 Pb concentrations ranging from 0·018 to 0·268 dpm l 1 (Table 1) . These dissolved values, for both radionuclides, were much higher than has been reported for most coastal waters (Aaboe et al., 1981; Olsen et al., 1986; Baskaran & Santschi, 1993 (Thurman, 1985) . High DOC concentrations are characteristic of many tropical and subtropical estuarine ecosystems, making them distinctly different from many of the more well-studied temperate systems (Day et al., 1989) . In high DOC waters, particle-reactive nuclides could potentially form complexes with dissolved organic matter, resulting in long residence times of these nuclides. In semi-enclosed bays and estuaries, where the hydraulic residence times are short (cresidence time of the nuclides), a significant portion of the nuclides can be flushed out to sea. In these cases, the sediment inventory of particle-reactive nuclides, such as 210 Pb and 239,240 Pu, will be only a fraction of what is delivered into the estuary.
Determination of the retention efficiencies of radionuclides requires precise determination of their input into the estuary. The major inputs of 7 Be, 210 Pb and 239, 240 Pu to this estuary are: (1) the atmospheric fallout; and (2) riverine input from watershed erosion. Pb and 239, 240 Pu in the sediments, the annual depositional flux values (measured at Galveston) were used ( Table 2 ). The depositional fluxes of 7 Be and 210 Pb actually measured during the 8-day period near the estuary were used for the determination of the residence times ( (Baskaran et al., 1993b) . The Sabine-Neches estuary is about 110 km north of Galveston, Texas. Thus, it is likely that the annual fallout is about the same in both places. The measured annual fallout of 210 Pb and 7 Be are 1·03 and 14·7 dpm cm 2 year 1 (average value for 3 years), respectively. These values should result in a sediment/soil inventory (=annual fallout mean-life of the nuclide) of 33 (for 210 Pb) and 3·10 dpm cm 2 (for 7 Be) if there is no postdepositional mobility of 210 Pb or 7 Be or sediment focusing (or soil erosion). The expected fallout inventory by direct atmospheric deposition for 239, 240 Pu was estimated to be about 0·20 dpm cm 2 . This estimate was based on the 90 Sr fallout measurements made in Houston, Texas by the Environmental Measurements Laboratory (1977; reports EML#S415, 457, 533 and HASL-329; 1977-91) , assuming Pu concentration= 90 Sr concentration 0·02 (Joseph et al., 1979) . Olsen et al. (1986) have shown that the riverine input of atmospherically delivered 7 Be to the James River estuary is less than 5% of the atmospheric input to the estuary surface. Baskaran and Santschi (1993) estimated that the riverine input of 210 Pb to Galveston Bay is about 1% of the atmospheric input. It must be pointed out that the significance of this input depends on the ratio of the drainage area to the surface area of the estuary. In most other areas, this ratio was relatively low and thus the contribution from rivers was negligible. However, in the Sabine-Neches estuary, this ratio is relatively high (=206).
Inputs from atmospheric fallout of
Determination of riverine input and sediment inventory of
From a knowledge of the residence time of 210 Pb and 7 Be in a drainage basin, and the ratio of the surface area of the estuary to its drainage basin, the riverine input of 210 Pb and 7 Be can be estimated. Assuming that 0·023% [i.e. half-removal time of 3000 years which is the representative value for several drainage basins as estimated by Smith et al. (1987) and Dominik et al. (1987) Pb were used for the calculation. Be, respectively. Ravichandran et al. (1995b) estimated the riverine input for 239, 240 Pu to be 145% of the atmospheric fallout.
The 7 Be concentrations were below the detection limit in all the sediment samples. The measured inventories of 210 Pb and 239, 240 Pu in four sediment cores are given in Table 2 ). A reliable chronology could be determined in four cores (one core from each station) out of a total of nine cores (one core/station, Ravichandran, 1994 Ravichandran, , 1995b Table 2 ). The retention efficiency [=(measured inventory/theoretical inventory) 100] of 210 Pb and 239, 240 Pu in four sediment cores varied between 9·9 and 34·5% (mean=18·7 10·5%) and 18·4 and 49·0% (mean=29·6 13·8%), respectively. These differences in the retention efficiencies between Pb and Pu are not statistically significant. If the differences are real, then it could be due to: (1) recent changes in the removal of these nuclides, since 239, 240 Pu is a non-steady-state-tracer (introduced since 1954) while 210 Pb is a steady-state tracer; and/or (2) differences in the chemical properties of Pu and Pb. Pu exists in multiple oxidation states (III, IV, V and VI) in aqueous solutions and the geochemical behaviour of plutonium should be dependent upon the oxidation states present. The distribution coefficient for reduced Pu onto particles is high, K d 10 6 cm 3 g 1 while that of oxidized Pu is low, K d 10 3 cm 3 g 1 (Nelson et al., 1984) . In addition to the low inventories of 210 Pb and 239, 240 Pu in sediments, recent work on sediments indicated that concentrations of trace metals like Cu, Zn and Ni, and rare earth elements were also depleted relative to Al-normalized average soil concentrations, despite the fact that many industries discharge effluents into the Sabine and Neches rivers (Ravichandran et al., 1995a; Ravichandran, 1996) .
The low removal efficiencies of radionuclides in the Sabine-Neches estuary are likely due to: (1) complexation of metals with dissolved organic matter, resulting in longer residence times of nuclides in the water column; and (2) loss of nuclides due to relatively short hydraulic residence times. It has been shown that thorium likely forms a strong chemical complex with humic acids (Nash & Choppin, 1980) . If the particle-reactive nuclides introduced into the estuary form complexes with dissolved organic matter, this process will likely result in longer water column residence times of these nuclides.
7
Be and 210 Pb concentrations and residence times
Mass balance for determination of 7 Be and 210 Pb residence times. The previous section has shown that only a fraction of particle-reactive nuclides delivered to the Sabine-Neches estuary was removed, with a major portion being flushed out of the estuary. This could occur through the transport of dissolved and particulate phases or loss of the upper few centimetres of sediments. However, the subsurface 239,240 Pu concentration maximum (due to peak fallout of 239, 240 Pu in 1963) is retained in these sediment cores (Ravichandran et al., 1995b) ; thus, it is unlikely that upper few centimetres were removed after deposition. In order to better understand the geochemical behaviour of nuclides, 7 Be and 210 Pb concentrations (reported in Table 1 ) were used to determine their residence times and removal rate constants.
Residence times of 7
Be and 210 Pb can be determined from the mass balance of these nuclides for the Sabine-Neches estuary, assuming it is a well-mixed system (Figure 2) The concentrations of 222 Rn were not measured. Santschi et al. (1980) have estimated that the production of 210 Pb from 222 Rn in the water column was 5% of the total inputs for Narragansett Bay. In the Sabine-Neches estuary, where the average depth is about 1/6 that of Narragansett Bay, the 210 Pb produced from 222 Rn in the water column is likely to be <1% (assuming a comparable 222 Rn concentration in the water column). Therefore, the production term Pb A Rn was assumed to be negligible. As was shown earlier, the riverine input of 210 Pb is 1·5 times higher than that of the atmospheric fallout. This will significantly change the calculation of the residence times.
In order to determine the differences in the residence times of 7 Be and 210 Pb with and without the erosional input of these nuclides through rivers, the residence times (dissolved and total) are calculated and presented in Table 3 . There is little difference in the residence times of 7 Be between the values calculated with and without erosional input; however, the differences for 210 Pb are significant. For example, the mean dissolved residence time of 210 Pb without the riverine contribution is 10·6 days (range: 4·0-22·6 days) which is quite different than the value when erosional input is also taken into consideration, 4·6 days (range: 1·7-9·8 days). Similarly, the mean total residence times (total residence time is calculated using Equations 5 and 6, but using total concentration instead of dissolved concentrations. A similar calculation has been performed for Narragansett Bay, Santschi et al., 1980) and the values are also comparable [residence time without riverine input=14·4 days (range: 5·1-38·8 days), and with riverine input, 6·3 days (range: 2·2-16·9 days)]. Earlier work did not take the riverine input into account in the calculation of residence times, even though for other places, the riverine input may not be a significant factor (e.g. Olsen et al., 1986; Baskaran & Santschi, 1993) . Time series measurements of radionuclides in the riverine samples would enable to constrain the assumption involved in the estimation of riverine input of 7 Be and 210 Pb. The residence times of 210 Pb in the Sabine-Neches estuary are generally longer than in most other estuaries of Texas (Baskaran & Santschi, 1993) . The large freshwater inflow to the Sabine-Neches estuary results in short hydraulic residence times. The calculated hydraulic residence times (based on 10 days average river flow prior to the date of sampling) during March, May and October are 6·6, 6·6 and 42 days, respectively. Since total= Be or Pb + water (assuming that radioactive decay is negligible during the residence of dissolved Pb or Be in the estuary) during March and May when the residence times of Be or Pb is comparable to the residence time of water, the scavenging residence time could be much longer. In October, the fact that the composite residence time is shorter than the hydraulic residence time suggests that scavenging is contributing significantly to radionuclide removal. There is a positive linear relationship between residence times of 7 Be and 210 Pb and total suspended particulate concentration (figure not shown); a similar relationship was found for Galveston Bay samples (Baskaran & Santschi, 1993) .
Particle residence times. Particle-reactive nuclides are mostly removed from the water column by sorption onto settling particles (Baskaran & Santschi, 1993 and the references therein). In estuarine systems where particle residence times are relatively long, and are comparable to the hydraulic residence times, a significant portion of suspended particles can be exported out of the system. This would be especially true for a system like the Sabine-Neches estuary, which is shallow, turbid and well mixed. As discussed earlier, among the 3 months of sampling, the freshwater inflow during October was lowest (residence time of 42 days as opposed to 6·6 days in March and May) and export of estuary water into the Gulf then was negligible. Thus, the particle residence time will be calculated only for those samples collected in October 1995.
Particle residence time ( p ) can be calculated from the suspended particle concentration (C p ), mean depth of the estuary (H) and sediment re-suspension rate (S). From a mass balance of particles, one can determine the sediment re-suspension rate; the box model for particulate 210 Pb xs is given in Figure 3 . The inputs for particulate 210 Pb xs (which refers to excess 210 Pb in the case of sediments and particles) are: (1) production from parent in the particulate phase, 222 Rn ( Pb A Rn ); (2) riverine particle-sorbed (I As discussed earlier, the term Pb A Rn , is assumed to be negligible. In Equations 7 and 8, 0 c is the composite rate constant corresponding to the removal by particles as well as removal of these nuclides by the outflow into the Gulf of Mexico, which is estimated to be negligible for October samples. In Equations 7 and 8, the loss of particulate 210 Pb by the outflow of water as well as input of 210 Pb from Gulf into the estuary is also assumed to be negligible. If there is a small export of 210 Pb from the estuary into the Gulf, the S value calculated will be an underestimate.
The particle residence time was determined from the following relation: the particle residence time ( p =[suspended particle concentration (g cm 0·3 day (0·4 day with erosional input; October 1993) for ST-2, 1·2 days for ST-6 (1·7 days with erosional input; October 1993) and 1·7 days for ST-7 (1·0 day with erosional input; October 1993). The mean particle residence time of 1·1 days is greater than the values during a heavy rain (1-2 h) determined for Galveston Bay (Baskaran & Santschi, 1993) . This longer particle residence time could facilitate in the removal of particles and associated nuclides by the flushing of water into the Gulf of Mexico.
Relationship between distribution coefficients and DOC concentration. The apparent distribution coefficient, K d , is given by the relation: (Tables 1 and 4 ). These lower values could be due to complexation with dissolved or colloidal organic compounds (c0·5 m) in the water column or differences in the particle composition.
There is a positive correlation between POC and K d for both 7 Be (r=0·61, P<0·05) and 210 Pb (r=0·46). However, there is no significant correlation between suspended particle concentration (C p ) and K d . Even though one would not necessarily expect the K d to vary with particle concentration, an inverse relationship between K d and particle concentration has been observed in several marine and freshwater environments for particle-reactive nuclides such as Th and Pb (Honeyman et al., 1988; Benoit, 1995) . There does appear to be a positive correlation between DOC and K d for 210 Pb (Figure 4 , r=0·75, n=11, P>0·01), but not for 7 Be (Figure 4, r=0·027 a The concentrations and the distribution coefficients were averaged if the number of samples is c3; for 4 and above, the ranges are given. b Dissolved concentrations and the numbers in parentheses denote the particulate activity. NM, not measured, BD, below detection limit. 1, Baskaran & Santschi (1993) ; 2, Olsen et al. (1986); 3, Dibb & Rice (1989) .
if DOC forms a strong complex with nuclides and if the sorptive properties of the particles remain the same as DOC changes. Guentzel et al. (1996) reported that in high DOC waters (5-15 mg DOC l 1 , which are similar to the concentrations of the SabineNeches estuary) of the Ochlockonee estuary in northern Florida, 80-90% of two other particle-reactive nuclides, Fe and Hg, are complexed by surface sites of colloids. Therefore, it is likely that the complexation of toxic metals like Pb and Be with dissolved organic matter (c0·5 m) in the water column plays a significant role in the fate of metals from the water column. It is possible that only a small portion of the DOC forms a strong complex with 7 Be and 210 Pb, and its concentration decreases with increasing total DOC, or that the particulate matter found in high DOC waters sorbs Be and Pb more strongly. It is also possible that the high concentrations of 7 Be and 210 Pb and low retention of these nuclides in sediments is simply due to rapid flushing rate.
Conclusions
From this investigation, the following conclusions are drawn:
(1) Sediment inventories of 210 Pb and 239, 240 Pu are much lower than what is expected based on combined inputs from Sabine and Neches rivers and atmospheric fallout. This lower sediment inventory is attributed to inefficient removal of these nuclides from the water column.
(2) This slow and incomplete removal of particlereactive nuclides is evidenced by the higher concentrations of dissolved 210 Pb and 7 Be in the Sabine-Neches estuary. These concentrations are higher than most other coastal waters that were investigated earlier and could be due to complexation of these nuclides with dissolved organic matter or the rapid flushing rate. (3) Complexation of particle-reactive nuclides with the dissolved organic matter could be a cause for relatively long residence times of 210 Pb. Total residence times of 210 Pb are generally higher than those of most other coastal waters. (4) The average particle residence time in the SabineNeches estuary is about 1 day. Particulate concentrations of Pb and Be are not strongly related to total particulate concentrations, suggesting that the particle concentrations may not control the removal of particle-reactive nuclides in high DOC waters. ) are lower than most other coastal waters. The authors hypothesize that in organic-rich estuaries, the apparent distribution coefficients are independent of particle concentration (i.e. no ' particle concentration effect '). 
